A study carried out across 33 weeks in a patch of taro, Colocasia esculenta L., quantified demographic parameters and density-dependent processes for a population of melon aphid, Aphis gossypii Glover. Variation in relative density of aphids per cm 2 of leaf tissue between consecutive weeks declined with the initial density of aphids, indicating that density dependent processes regulate populations of A. gossypii on taro. High abundance of aphids on large leaves suggest that host attributes affect the rates of colonization or reproduction of adults. Even though the incidence of winged aphids was consistently low throughout the experiment, between plant dispersal by aphids still homogenizes their spatial distribution within an array of plants, as indicated by similar relative densities of aphids on established plants and on sentinel (initially uninfested) plants 60 days following their introduction in the patch. The proportion of aphids parasitised by Aphidius colemanii Viereck and Aphelinus spp. was low (Ͻ3%), which may be attributed to a high level (Ͼ95%) of hyperparasitism. Mortality caused by two entomopathogens, Neozygites fresenii Nowakowski and Verticillium lecanii Zimmerman, averaged 12%. The proportion of fungal infection increased with the density of aphids, both on a spatial and temporal scale. However, the population of A. gossypii on taro was most likely not regulated by entomopathogens, because the proportion of diseased aphids did not influence variations of population density between consecutive weeks. The lower proportion of fungal infection on sentinel plants than on established plants suggests a limited impact of entomopathogens on taro plants recently colonized by aphids.
INTRODUCTION
The existence and impact of density dependence among populations of herbivorous insects have long been debated among ecologists. Density-dependent processes may be relatively uncommon in insect populations (Stiling, 1988) , although they are more likely to be detected when field studies are conducted across numerous generations of herbivores (Hassell et al., 1989; Woiwod and Hanski, 1992) or at an appropriate spatial scale (Walde and Murdoch, 1988; Ray and Hastings, 1996) . Overall, natural enemies may have a relatively minor impact on the regulation of herbivore populations, because: 1) density-dependence is more frequently induced by bottom-up (host plant attributes) than top-down forces (biological control agents) (Stiling, 1988; Harrison and Cappuccino, 1995) ; 2) direct and inverse density-dependence are equally prevalent in host-parasitoid systems (Stiling, 1987; Walde and Murdoch, 1988) ; and 3) spatial density dependence of biological control agents may (Hassell et al., 1987) or may not (Thórarinsson, 1990; Ferguson et al., 1994) influence the population dynamics of herbivores over time. The lack of density dependent impact of biological control agents may be attributed, in part, to a restricted dispersal capacity of natural enemies generating spatially heterogeneous levels of mortality among herbivores (Bernstein et al., 1991; Maron and Harrison, 1997; Knudsen and Schotzko, 1999; van Nouhuys and Hanski, 2002) . Aphids (Homoptera: Aphididae) have complex population dynamics often characterized by wide variations of population density, both on a temporal and spatial scale. Analyses of long time-series data reveal that density dependent processes commonly regulate populations of aphids within and between years (Woiwod and Hanski, 1992; Maudsley et al., 1996; Sequeira and Dixon, 1997; Jorošík and Dixon, 1999) . Interactions among aphids and their host-plant largely contribute to the regulation of aphid populations, through the intrinsic quality of host plants (Kidd, 1990; Karley et al., 2003) or intraspecific competition on crowded plants resulting in an elevated level of mortality, low reproductive success, and high rate of dispersal among aphids (Dixon, 1971 (Dixon, , 1998 Day, 1986; Klindmann and Dixon, 1996) . Within-year seasonal declines of aphid abundance are often correlated with a high level of predation, parasitism or fungal disease (Feng et al., 1992; Nakata, 1995; Steinkraus et al., 1995; Plantegenest et al., 2001; Karley et al., 2003) , indicating that natural enemies contribute to regulate populations of aphids. However, populations of aphids sometimes exhibit similar variations in abundance over time in the presence or absence of natural enemies (Dixon, 1971; Kidd, 1990) , suggesting that bottom-up effects influence the population dynamics of aphids to a larger extent than top-down effects (Dixon, 1998) .
The melon aphid, Aphis gossypii Glover, has been established in Hawaii since at least the early 1900s and is widely distributed throughout the archipelago (Fullaway, 1910; Beardsley, 1979) . Aphis gossypii is the most abundant aphid in Hawaii where it feeds on more than 40 plant species, many of which are economically important (Timberlake, 1924; Messing and Klungness, 2001 (Funasaki et al., 1988; Messing and Klungness, 2001 ). To date, however, few studies have evaluated the impact of these natural enemies on field populations of A. gossypii in Hawaii (Messing and Klungness, 2001 ).
The present study investigated the population dynamics of A. gossypii on taro, Colocasia esculenta L. (Araceae). Specific research objectives were: 1) to quantify the impact of host plant attributes (surface area and phyllotaxic position of leaves) and natural enemies on spatial and temporal variations of aphid density on taro plants; and 2) to evaluate rates of colonization by A. gossypii and its natural enemies on initially uninfested sentinel taro plants.
MATERIALS AND METHODS
The study was carried out in a patch of dry land taro at the Kauai Agricultural Research Center in Kapa'a (Kauai, Hawaii: 22.1°N, 15.9°W). The patch consisted of eight 42 m long rows spaced 1.5 m apart. The taro was planted in January 2002 and managed following standard cultivation practices (College of Tropical Agriculture and Human Resources, 1997) . No fertilizers or pesticides were applied for at least 12 months before the onset of the study.
Demographic parameters of the aphid population on the taro patch were quantified by sampling leaves from 150 plants (one leaf per plant) for each of 18 consecutive weeks between 11 August and 10 December 2003, and every third week between 10 December 2003 and 23 March 2004. The population of aphids in the sampling site was characterized by overlapping generations, with all developmental stages simultaneously present. The number of aphids on both sides of each leaf was recorded using a binocular microscope, and each leaf weighed to the nearest 0.01 g. Aphids were classified as either live [apterous or winged] or dead [parasitized or killed by entomopathogenic fungi]. Natural enemies of aphids collected on different leaves were identified either by preserving specimens of predators in 70% ethanol, or by transferring parasitized aphids (mummies) in individual gelatin capsules to allow the emergence of adults. Entomopathogenic fungi were identified by plating infested aphids onto a 10% V-8 agar media (following a surface sterilization in 0.3% clorox) and examining the ensuing fungal growth microscopi-cally.
The colonization of taro plants by aphids and their natural enemies was evaluated by introducing uninfested potted plants (sentinel plants) in the patch every 15 days between 25 August and 9 October (9 plants for each of 4 introductions). The potted taro plants were evenly distributed throughout the patch. For each plant, the number of live aphids [apterous or winged] on both sides of each leaf was recorded visually every five days. Sixty days following their introduction in the patch, sentinel plants were destructively sampled to record with a binocular microscope the number of live and dead aphids on both sides of each leaf, and to determine the weight of each leaf to the nearest 0.01 g. The developmental time and number of generations of aphids on sentinel plants could not be assessed, because live aphids were not classified by developmental stage.
Within-plant distribution of aphids on taro was evaluated between 17-24 September by sampling all leaves of 25 plants and recording their phyllotaxic position (with leaves 1 and 4 being the youngest and oldest, respectively). The density of aphids and their natural enemies, as well as the weight of taro leaves, were recorded as described above.
Statistical analyses were conducted using the JMP statistical package (JMP Statistics and Graphic Guides, Version 4, 200, SAS Institute Inc., Cary, NC). The surface area of leaves was estimated using a highly significant relationship between the surface (y, in cm 2 ) and weight (x, in g) of leaves for a subsample of 30 leaves (yϭ31.7ϩ35.0x, r 2 ϭ0.983, pϽ0.0001). For each leaf, counts of apterous aphids (x 1 ), winged aphids (x 2 ), parasitized aphids (x 3 ), and aphids killed by fungi (x 4 ) were used to calculate the following demographic parameters: density of aphids [x 1 ϩx 2 ϩx 3 ϩx 4 ] per leaf (absolute density) or per cm 2 of leaf tissue (relative density); proportion of winged aphids [x 2 /(x 1 ϩx 2 )]; proportion of parasitized aphids [x 3 /(x 1 ϩx 2 ϩx 3 )]; or proportion of fungal infection [x 4 /(x 1 ϩx 2 ϩx 3 ϩx 4 )]. Analysis of variance was used to evaluate the impact of time on different demographic parameters for established plants. Multiple regression modeling was used to analyze the relationship between various demographic parameters as a function of plant architecture or timing of introduction of potted plants [treating leaf position (1 to 4) or timing of introduction (julian date 297, 312, 327 and 342) as continuous variables]. Demographic parameters for established and sentinel plants were compared with analysis of variance, using the time period corresponding to each introduction as a replicate. Regression analyses were used to evaluate the relationship between the surface area of leaves, the density of aphids per leaf or per cm 2 per leaf, the proportion of winged aphids, the proportion of parasitized aphids, and the proportion of fungal infection, both across space (23 regressions, each corresponding to 150 leaves per sampling period) and time (mean values for each of 23 sampling periods). For the first 18 weeks when taro leaves were sampled weekly, temporal density dependence was also investigated by regressing the ratio of density fluctuations between consecutive weeks [(density during week tϩ1)/(density during week t)] as a function of different demographic parameters during week t; ratios superior or inferior to 1 indicate increasing or decreasing populations, respectively. The incidence of density dependence was further evaluated using the Bulmer index RϭV/U, with small values of R indicate strong density dependence (Bulmer, 1975) . For all analyses, heterogeneity of variance was reduced by subjecting data to square-root (surface area of leaves, density of aphids per leaf or per cm 2 of leaf tissue) or arcsine (proportions of winged, parasitized, or diseased aphids) transformations.
RESULTS

Surface area of taro leaves
The estimated surface area of taro leaves (Nϭ3,450) leaves sampled on established plants across 33 weeks averaged 225Ϯ2 cm 2 (SE) (with a range of 49 to 1,150 cm 2 ) and fluctuated with time (Fϭ10.28; dfϭ22, 3427; pϽ0.0001) (Fig. 1 (Fig. 2) . The surface area of taro leaves did not vary as a function of their phyllotaxic position (Table 1) .
Abundance of aphids
The absolute density of aphids sampled on 3,450 leaves of established plants averaged 31 . Demographic parameters were compared on established and sentinel plants as a function of time using factorial ANOVA. Heterogeneity of variance was reduced by subjecting demographic parameters to square-root (surface of leaves, density of aphids per leaf or per cm 2 of leaf tissue) or arcsine (proportion of winged aphids, fungal infection, or parasitized aphids) transformations. Significant differences among plant or time periods for different parameters are indicated in the upper center of each graph. Table 1 . Multiple regression models investigating the interaction among demographic parameters of aphid populations sampled throughout the canopy of 25 taro plants. For analysis, heterogeneity of variance was reduced by subjecting data to square-root (surface of leaf, density of aphids per leaf or per cm 2 per leaf) or arcsin (proportion of winged aphids, fungal infection, and parasitized aphids) transformations. Leaf position refers to the phyllotaxic position of leaves (x 1 ϭ1 to 4, with leaves 1 and 4 being the youngest and oldest, respectively (Fig. 1) . The density of aphids per leaf or per cm 2 of leaf tissue did not significantly differ for young or old leaves (Table 1) . Estimates of relative density of aphids indicated a significant negative relationship among the rate of density fluctuations between consecutive weeks and the initial density of aphids (Fig. 3) , whereas estimates of absolute density provided a non-significant regression (r 2 ϭ0.020, pϭ0.600). Evaluation of Bulmer R indices (Bulmer, 1975 ) also indicated negatively density dependent variations of the relative density of aphids (Rϭ0.817; Nϭ18; pϽ0.05), whereas temporal variations of the absolute density of aphids were density independent (Rϭ1.82; Nϭ18; pϾ0.05).
The density of aphids on leaves of sentinel plants steadily increased with time and levelled off 25 to 50 days following their introduction in the patch; with the exception of a few sampling dates, the density of aphids was lower on sentinel plants than on established plants (Fig. 4) . Sixty days following the introduction of taro plants, the density of aphids per leaf was lower on sentinel plants than on established plants, whereas no significant difference in the density of aphids per cm 2 of leaf tissue was observed (Fig. 2) .
The absolute density of aphids significantly increased with the surface area of leaves, both on a temporal and spatial scale (Tables 1, 2; Fig. 5 ). No consistently significant relationships between the density of aphids per cm 2 of leaf tissue and the surface of leaves were observed on a spatial scale (Tables 1, 2; Fig. 5 ). On a temporal scale, however, the relative density of aphids increased with the mean surface area of leaves (Fig. 5) .
Proportion of winged aphids
Apterous aphids (N ϭ89,547) greatly outnumbered winged aphids (Nϭ224) on established taro plants. The proportion of winged aphids did not vary as a function of plant architecture (Table 1) , and was similarly low on both established and sentinel plants (Fig. 2) . The proportion of winged aphids was not consistently impacted by the density of aphids either on a spatial or temporal scale (Tables 1, 2; Fig. 6 ). Fluctuations of population density between consecutive weeks were not impacted by the proportion of winged aphids in the initial week (r 2 ϭ0.050; pϭ0.390).
Incidence of predators
Lacewings, mirids, and spiders were occasionally sampled on taro leaves, although predators were rare overall. The abundance of predators was not systematically recorded throughout the experiment.
Incidence of fungal infestation
Two entomopathogenic fungi were cultivated on Population Dynamics of Aphids on Taro 277 Fig. 3 . Relationship between the variation of density of aphids per cm 2 of leaf tissue between consecutive weeks (y) and the initial density of aphids (x) (yϭ1.55Ϫ3.30x; r 2 ϭ0.253, pϭ0.039). Ratios superior or inferior to 1 indicate increasing or decreasing populations, respectively, and the dashed line corresponds to a temporally stable population (yϭ1). Estimate of the Bulmer R index (Bulmer, 1975 ) also indicated negative density dependent variations of the relative density of aphids (Rϭ0.817; Nϭ18; pϽ0.05). a 10% V8 agar media, Verticillium lecanii and Neozygetes fresenii. On established plants, the proportion of aphids infested with entomopathogenic fungi averaged 0.117Ϯ0.003 per leaf (Fig. 1) . The level of infestation varied with time (Fϭ22.73; dfϭ22, 3136; pϽ0.0001) and followed a pattern of variation similar to that of the density of aphids per leaf (Fig. 1) , as indicated by a significant positive relationship between the proportion of diseased aphids and the mean density of aphids per week (Fig. 6) . However, the proportion of diseased aphids did not impact fluctuations of population density between consecutive weeks (r 2 ϭ0.002; pϭ0.860). The proportion of diseased aphids was higher on established plants than on sentinel plants (Fig. 2) and increased from younger to older leaves 278 M. RHAINDS and R. MESSING of taro plants (Table 1) . On a spatial scale, the level of fungal infection significantly increased with the relative density of aphids (Tables 1, 2; Fig. 6 ).
Incidence of parasitism
On established plants, the average proportion of parasitized aphids per leaf was low (0.013Ϯ0.001) and fluctuated with time (Fϭ1.90; dfϭ22, 3131; pϭ0.0069) (Fig. 1 ). Aphids were parasitized by Aphelinus sp. (black mummies) and Aphidius colemanii (bronze mummies). During the first 11 weeks, most parasitized aphids had been attacked by Aphelinus sp., whereas A. colemanii was the most abundant parasitoid toward the end of the sampling period (Fig. 7) . The level of hyperparasitism by Pachyneuron sp. (Petromalidae: Chalcidoideae) and Syrphophagus sp. (Encyrtidae: Chalcidoidea) was very high (Ͼ95%) for both parasitoids. The proportion of parasitized aphids was higher on established plants than on sentinel plants (Fig. 2) and increased from young to old leaves of taro plants (Table 1 ). The level of parasitism was not affected by the density of aphids, neither across space nor time (Tables 1, 2; Fig. 6 ). Fluctuations of population density between consecutive weeks were not impacted by the proportion of parasitized aphids (r 2 ϭ0.033; pϭ0.487).
DISCUSSION
The present study quantified variations in density of A. gossypii on taro plants, and identified bottom-up (plant attributes) and top-down (natural enemies) effects that influenced their abundance, both on a temporal and spatial scale. Comparison of demographic parameters on established and sentinel plants suggests that a restricted dispersal of natural enemies affects the population dynamics of aphids.
Absolute and relative abundance of aphids
Between plant variation in absolute density of aphids per leaf was significantly impacted by the surface area of leaves. The high abundance of aphids on large leaves (Tables 1, 2; Fig. 5 ) was probably not due to an intrinsically superior nutritional quality of these leaves, because the relative density of aphids per cm 2 of leaf tissue was not consistently affected by the surface area of leaves (Tables 1, 2 ; Fig. 5 ). In contrast, an alternative (as yet untested) hypothesis to account for the high abundance of aphids on large taro leaves would imply host-size dependent rates of colonization and/or reproduction by adult A. gossypii. The effect of host quality on the population dynamics of aphids has been extensively investigated (Kidd, 1990; Dixon, 1998; Karley et al., 2003) , but few studies have quantified the impact of host size on the abundance of aphids (Yamamura et al., 1999) .
The abundance of aphids fluctuated with time ( Fig. 1) and variations in relative density between consecutive weeks declined with the initial density of aphids (Fig. 3) , indicating that density dependent processes regulate populations of A. gossypii on taro. Higher abundance of aphids during sampling periods when leaves were larger (Fig. 5) suggests that temporal variations in plant attributes influence fluctuations of population density. In addition, densities of aphids were very low during sampling periods immediately following tropical storms (Fig. 1) , which suggests that populations of A. gossypi on taro are suppressed by extreme climatic conditions. Because our study was conducted during only 33 weeks in one site, however, processes underlying variations of population density cannot be unequivocally identified.
Incidence of winged aphids and between-plant dispersal
Production of alates in aphids is typically triggered by high population density or deteriorating host quality (Dixon, 1971 (Dixon, , 1998 Day, 1986; Mackay and Lamb, 1996) , and the incidence of dispersal is usually low for insects that exploit persistent hosts with a high carrying capacity (South- wood, 1974; Travis and Dytham, 1999) . As reported for other host plants in Hawaii (Messing and Klungness, 2001 ), the proportion of winged A. gossypii on taro was low, which may be attributed to the low to moderate, relatively stable density of aphids over time (Fig. 1) . Within the range of population density observed in this study, the proportion of winged aphids was density independent (Fig. 6) , and fluctuations of population density between consecutive weeks were not impacted by the initial proportion of winged aphids. However, the production of alates may increase with the abundance of aphids when population density exceeds the carrying capacity of taro.
Even though the proportion of winged aphids was consistently low, dispersal may still have impacted the population dynamics of aphids on taro, as illustrated by the experiment comparing densities of A. gossypii on established plants and on initially uninfested plants 60 days following their introduction in the patch (Fig. 2) . On a per leaf basis, densities of aphids were lower on sentinel plants than on established plants, suggesting that a restricted dispersal capacity by adults limits the colonization of uninfested plants. However, the low abundance of aphids on leaves of sentinel plants was most likely an artifact of their relatively small surface area, as indicated by similar densities of aphids per cm 2 of leaf tissue on sentinel and established plants. These results strongly suggest that between-plant dispersal by aphids homogenizes their abundance per surface area of leaf tissue, while outlining the importance of contrasting absolute and relative density estimates in order to elucidate processes affecting the population dynamics of aphids.
Incidence of parasitism
Parasitoids most likely did not greatly affect the population dynamics of A. gossypii on taro: the level of parasitism by Aphelinus sp. and A. colemanii remained low throughout the study (Ͻ3%, corresponding to Ͻ0.4 mummies per leaf) and was not consistently affected by population density (Tables 1, 2; Figs. 1, 6, 7) . Furthermore, fluctuations of population density between consecutive weeks were not impacted by the proportion of parasitized aphids. The low proportion of parasitized aphids may be attributed to the high level of hyperparasitism (Ͼ95%) by Pachyneuron and Syrphophagus spp. Within the framework of classical biological control, intense pressures caused by hyperparasitoids may greatly restrict the feasibility of introducing hymenopterous parasitoids to manage populations of A. gossypii in Hawaii. This conclusion should be interpreted carefully, however, because the incidence of hyperparasitism may vary on different plant species. In an experimental plot adjacent to the taro patch, the level of hyperparasitism on cucumber was low (Ͻ10%) among A. gossypii parasitized by A. colemanii (Rhainds, unpublished results).
The level of parasitism among A. gossypii on taro decreased from old to young leaves (Table 1) , and was lower on sentinel plants than on established plants (Fig. 2) . Mechanisms underlying variations in the intensity of parasitism may include an enhanced foraging activity of parasitoids on old leaves, as well as a limited impact of parasitism on plants recently colonized by aphids. In populations of A. gossypii heavily attacked by parasitoids, colonization by adults of either young leaves, or of as yet uninfested plants, may allow aphids to spatially escape from parasitism (Maron and Harrison, 1997; van Nouhuys and Hanski, 2002) .
Incidence of fungal infestation
Mortality caused by two entomopathogens, V. lecanii and N. fresenii, was relatively high among A. gossypii on taro, averaging up to 20% per leaf per week (Fig. 1) . Fungal infestation contributed to regulate population of aphids on a spatial scale, as indicated by the numerous highly significant positive relationships between population density and the proportion of diseased aphids (Tables 1, 2; Fig.  6 ; see also Cappuccino (1998) for another example of direct spatial density dependent impact of entomopathogens in aphid populations). The density dependent impact of entomopathogens may result from an increasing rate of disease transmission as a function of host density (Ardisson et al., 1997) . On a temporal scale, increasing incidence of fungal infestation with increasing density of aphids contributes to regulate populations over time for several species of aphids (Feng et al., 1992; Plantegenest et al., 2001; Karley et al., 2003) , including A. gossypii on cotton (Kerns and Gaylor, 1993; Weathersbee III and Hardee, 1994; Steinkraus et al., 1995; Leonard Wells et al., 2000) . It remains unclear whether populations of A. gossypii on taro were regulated by entomopathogens over time. The high proportion of diseased aphids during sampling periods when population density was high (Fig. 6) indicates a temporal association between the abundance of aphids and the incidence of fungal infestation, but the proportion of diseased aphids did not influence variations of population density between consecutive weeks.
Dispersal of fungal pathogens involves either wind-dispersal of spores (Steinkraus et al., 1996 (Steinkraus et al., , 1999 or movements of diseased winged aphids between plants (Chen and Feng, 2004) . Fungal infection typically spreads locally in waves centered around epizootic foci, with the expanding infection front lagging behind the expanding front of aphid populations; as a result, aphids may escape fungal infection by dispersing to plants farther away from the epizootic foci (Knudsen et al., 1994; Knudsen and Schotzko, 1999) . Similarly, the lower proportion of diseased A. gossypii on sentinel plants than on established plants (Fig. 2) suggests a limited impact of entomopathogens on taro plants recently colonized by aphids.
CONCLUSION
Temporal variations of relative density of aphids decreased with the initial population density, indicating that density dependent processes regulate populations of A. gossypii on taro over time. Although the proportion of diseased aphids increased with population density, the density dependent impact of entomopathogens most likely did not regulate populations of aphids over time. These results suggest that host attributes influence the population dynamics of A. gossypii on taro to a larger extent than natural enemies, while extreme climatic conditions may periodically suppress populations of aphids to very low levels. Even though the proportion of winged aphids was consistently low throughout the study, between plant dispersal of aphids homogenizes their relative density within an array of plants, whereas a restricted dispersal capacity of natural enemies may limit their impact on plants recently colonized by aphids. Estimates of population density taking into account the relative size of host plants may provide the most appropriate approach to unravel processes affecting the population dynamics of aphids.
